Introduction
Dung beetles from the genus Phanaeus have been studied for almost 100 years and were first noted by scientists and collectors because of their relatively large size (up to 25 mm in length) and vibrant metallic exoskeleton (see Ohaus 1913; Becton 1930; Lindquist 1935) . In the past 100 years, knowledge about these beetles has expanded greatly and the role they play in maintaining ecosystem functions has been well documented. Phanaeus have unique mating and reproductive rituals in which they form temporary pair-bonds that remain until the completion of nidification (Halffter and Matthews 1966) . While most dung beetles create brood chambers in the feces or several yards away from the site of fecal deposition, Phanaeus beetles' nidification process is characterized by tunneling directly below the fecal site. In building these tunnels they alter porosity of the soil, gas exchange, utilization of nitrogen, and water flow (Bornemissza 1960) . Phanaeus spp. fill a unique ecological niche as they are the only dung beetles in the United States to form balls of feces underground and bury them in this manner (Fincher 1973) . The incorporation of dung into these chambers and surrounding soils has been shown to substantially increase crop fertility and soil productivity (Bornemissza 1960; Halffter and Matthews 1966; Fincher et al. 1981; Yokoyama et al. 1991; Bang et al. 2005) in addition to altering the dynamics of disease by removing breeding grounds for insects and helminth pests (Fincher et al. 1971 ) which can serve as intermediate hosts and transport agents.
Despite their small size, dung beetles are classified as ecosystem engineers. Their burrowing behavior changes the health of the soil and the structure of plant communities, as well as the growth rate of microbial populations and parasites in the feces and surrounding soil (Anduaga and Huerta 2007) . Given the ecological significance of dung beetles, any agent that modifies their behavior is likely to have widespread consequences. Because parasites frequently change the behavior of their hosts (see below), they have the potential to be one such agent.
It is not uncommon for parasites to dramatically change the behavior of their hosts (Hamilton and Zuk 1982; Thomas et al. 1995; Poulin 1999; Moore 2002; Lefevre et al. 2009 ) and while this is most commonly associated with predator-prey interactions, parasite-induced behavioral alterations are also implicated in ecosystem engineering. For instance, trematodes can change the behavior of their mollusk hosts in ways that alter competitive interactions between limpets and sea anemones (Thomas et al. 1998) , nematodes can alter the structure of plant communities by changing the feeding behavior of their ungulate hosts (Arneberg et al. 1996) , and acanthocephalans can alter the trophic biology of streams by changing feeding rates of isopods (Hernandez and Sukhdeo, 2008) . In each of these cases, parasites act as ecosystem engineers by modifying the behavior of their host.
Parasitic infections can also induce defensive behaviors in hosts, and anorexia is among these behaviors (Hart 1988) . Anorexia is well-documented in mammalian hosts and seen to be part of an adaptive suite of behaviors known as ''sickness behavior'' (Hart 1988 (Hart , 1990 . Indeed, animals from many taxa decrease feeding during an infection; nonetheless, the function of illness-induced anorexia has only recently been explored in insects, where it is believed to be associated with increased immune function (Adamo et al. 2007; Ayers and Schneider 2009). This study examines whether the cosmopolitan nematode Physocephalus sexalatus (Spirurida: Spirocercidae, subfamily Ascaropsinae) alters the behavior of Phanaeus dung beetles in ecologically significant ways. The adult worm lives in the stomachs of a wide range of ungulates as definitive hosts (e.g., swine, wild boar, peccary, tapir, cattle, horses, and dromedaries) (Alicata 1935) . Embryonated eggs are shed from the ungulate with its feces and dung beetles become the intermediate hosts when they consume these eggs along with their normal intake of feces. Over 20 species of beetle from 14 genera can serve as intermediate hosts for this parasite. However, beetles from the genera Phanaeus and Canthon are believed to be the primary intermediate hosts for P. sexalatus because of their abundance and ability to dominate smaller species (Fincher et al. 1969) . Once inside a dung beetle, the parasite hatches, molts, and migrates from the gut to the hemocoel. The parasite will molt once more, becoming a third stage larva, and then wait in a dormant state to be consumed by a hog or other ungulate host, where it can develop and reach sexual maturity. A wide range of animals can act as paratenic hosts to P. sexalatus and it is not uncommon to find larvae in a variety of accidental or paratenic hosts including blue jays (Cyanocitta cristata), red bats (Lasiurus borealis), sagebrush lizards (Sceloporus graciosus), and fence lizards (Sceloporus occidentalis).
Because the ecosystem engineering and services associated with dung beetles largely depend on their feeding behavior, and because of the major behavioral role that parasites can play, this study asks if healthy dung beetles behave differently than those infected by P. sexalatus. Although parasite-induced behavioral changes are common, this study is novel because it documents the behaviors of a host that is itself a significant ecosystem engineer and documents the effect of the parasite on the ecosystem services that the host provides. This study explores the relationship of P. sexalatus with its most common intermediate host by comparing feeding, burrowing, and predator avoidance both by infected and uninfected Phanaeus dung beetles. Two types of ecologically significant questions were asked:
(1) Does this parasite become an ecosystem engineer by altering the feeding/burrowing behavior of it already significant host?
(2) Are predator-avoidance behaviors in dung beetles altered in a way that affects transmission of this parasite?
Materials and methods

Study site and collections
Live coprophagous beetles were collected from Oakridge Ranch in Colorado County, TX, an area abundant with wild hogs, dung beetles, and parasitic stomach worms of swine. Oakridge Ranch is a private residential community comprising approximately 4400 acres of land managed by the Texas Parks and Wildlife Association. Collections took place on a small plot of land dominated by sandy soils with mesquite and live oak vegetation.
Beetles were collected in pitfall traps constructed from 12-ounce plastic cups buried with the rim level to the ground and modified from those used by Kanda et al. (2005) with water instead of ethanol at the base. Traps were baited with feces collected from wild hogs (Russian boars and hybrids) that had been trapped and kept in a 1-acre outdoor pen for up to 3 months. Captive hogs were fed a diet of commercially distributed deer feed, but had access to vegetation and other prey including insects and rodents as supplemental food.
Phanaeus vindex is a diurnal beetle species with activity levels that peak during the late morning and early afternoon (Price and May 2009) . Traps were set between 0900 h and 1600 h with fecal contents monitored on an hourly basis and replaced or rehydrated if a dried out crust was present. Beetles found swimming in the base of the trap were quickly removed and placed in plastic transport aquaria containing 15-20 cm of regional sandy soil.
Care and maintenance of beetles
Once in the laboratory, beetles were collectively transferred to 10-gallon glass aquaria (51 Â 26 Â 32 cm) containing $24 cm of soil and allowed to acclimate to tank life for a minimum of 1 week before any experiments began. They were maintained on a 12:12 light:dark cycle with temperatures ranging from 248C to 288C and relative humidity kept between 50% and 60%. To prevent additional infection and to estimate natural prevalence, beetles were fed feces ad libitum from a domestic, uninfected potbelly pig. Dung beetles feed exclusively on feces and do not seek water from other sources, so this was their only source of sustenance.
Experiments
Individual beetles were tested for a variety of behaviors grouped into two categories. The first set of tests explored behaviors relevant to ecosystem1 engineering, including the depth/width of tunnels formed and rate of fecal consumption/removal. The second set of tests explored predator-avoidance behaviors, including choice of substrate, use of shelter, and level of activity. These preference tests took place between the second and fifth hour of the photophase, as this is when the beetles tend to be most active. Preliminary trials suggested that 15-min were sufficient for avoidance of predators and for escape behaviors (flight) to cease and thus a 15-min acclimation period was provided at the beginning and in between each behavioral test. Because these were animals collected from the field, their status of infection was known only upon dissection and this study therefore conforms to a blinded design.
Behavioral tests of ecosystem engineering
Tunneling depth/width While P. vindex typically pair with the opposite sex to create burrows, individuals of both sexes can, and regularly do, create burrows on their own. Because of this, individual beetles were isolated and placed in a 30 Â 30 Â 2.5 cm Plexiglas terrarium containing 20 cm of sandy soil moistened with 14 fl oz of tap water. 50-60 ml of moist feces from an uninfected, domestic pot-belly pig was also added to each container. Because these terraria are only 2.5 cm wide, the tunnels created by beetles can be observed, much as one views an ant farm. After 48-h the individual beetles were removed and the depth, width, and number of branches/galleries in tunnels were recorded for each individual.
Fecal consumption
Individual beetles were isolated and deprived of food for 24 h before being placed in a 2-ounce container containing 1 g (dry weight) of homogenized pig feces that was rehydrated with 1.5 ml of tap water. After 48 h, consumption was calculated as the difference in the initial and remaining dry weight of the feces.
Tests for predator-avoidance behaviors
Substrate preference
To assess predator avoidance via crypsis, a glass aquarium, similar to that used in rearing, was divided into equal halves with each side containing either black or white aquarium gravel. The size and texture of gravel did not differ between colors; all gravel was rinsed with water, dried, and replaced after each test to ensure consistency between trials. To estimate the amount of time beetles spent on each half of the tank, their locations were recorded every 30 s for a 15-min period. Individuals were assigned 1 point for each observation of the beetle on the white substrate and no points on the black substrate for a total score between 0 and 30 (Moore 1983) . Despite the brightly colored elytra of these beetles, the majority of the body is black and they blended in well with the dark substrate.
Shelter preference
Half of an aquarium, similar to that used in rearing, was covered by a sheet of Plexiglas with a 1-inch clearance. Opaque black tape covered the glass walls below the shelter creating a compact area devoid of light. The other half of the tank remained open and had no structure for the beetle to hide under or in. The location of each beetle was recorded every 30 s for 15 min, with 1 point assigned for each observation that found the beetle in the open and no points assigned when the beetle was out of sight (i.e., under shelter). The tank and Plexiglas shelter both were rinsed, dried, and replaced between trials.
Activity
To compare activity levels of uninfected versus infected beetles, a glass Petri dish (15 cm in diameter) was divided into four quadrants with a cross drawn on the bottom side in black ink. Each beetle was observed for 10 min and received a score equal to the number of times it moved from one quadrant to another.
Beetles began experiments in either the shelter, substrate, or activity apparatus with the order of these tests randomized and completed in 1 day. Beetles were then isolated into separate containers, deprived of food, and prepared for consumption and burrowing trials. Upon termination of experiments, individual beetles were killed and preserved in AFA (40 EtOH: 10 formalin: 5 glacial acetic acid: 45 distilled water) and stored until they could be dissected and examined for the presence of nematode larvae in the hemoceol. We recorded the intensity of infection in addition to length from pronotum to pygidium, width of thorax, weight, sex, and hornlength for each beetle.
Statistical analysis
Because the majority of experiments tested for a difference in infected and uninfected individuals, Wilcoxon Rank Sum Tests (Mann-Whitney U) were applied to non-normal data and significance was established at 0.05. Statistical analysis was carried out using Stata 11 software.
Results
A total of 47 adult dung beetles (P. vindex) were tested in this study. While not significantly different (Mann-Whitney U ¼ 703, n ¼ 47, P ¼ 0.33), prevalence of infection was slightly higher in female beetles with 92.8% of females and only 82.1% of male beetles containing third-stage larvae of P. sexalatus. Sex of host did not affect the intensity of infection (P ¼ 0.80), which averaged 52.2 AE 56.4 nematodes per individual.
Physocephalus sexalatus reduces the depth of tunnels created by individual beetles (Mann-Whitney U ¼ 594, n ¼ 40, P50.05) with infected beetles digging tunnels an average of 7.6 AE 3.9 cm deep and with uninfected beetles' tunnels averaging 13.3 AE 4.04 cm in depth. The number of galleries within these tunnels did not vary with presence of infection (Mann-Whitney U ¼ 597, n ¼ 40, P ¼ 0.19) but more females had branched burrows than did males (Mann-Whitney U ¼ 859, P50.05).
We observed 100% of uninfected beetles (n ¼ 9) burying all of feces provided to them. In contrast, 17 of the 38 (44%) infected beetles did not bury any feces and the remaining 21 buried only a small fraction of the feces provided. In addition to the failure to bury feces, we found that infected beetles consumed 46% less feces than did uninfected beetles (Mann-Whitney U ¼ 1118, n ¼ 47, P50.05). Uninfected beetles consumed an average of 0.157 AE 0.116 g of feces in a 48-h period whereas infected beetles consumed an average of 0.073 AE 0.066 g.
Status of infection did not affect the proportion of time beetles spent under shelter (Mann-Whitney U ¼ 1074, n ¼ 47, P ¼ 0.13), their choice of substrate (Mann-Whitney U ¼ 1116, n ¼ 47, P ¼ 0.81), or their level of activity (Mann-Whitney U ¼ 1118, n ¼ 47, P ¼ 0.43). Infected and uninfected groups both spent the majority of their time on black substrate or underneath the shelter, which indicates normal avoidance of predators.
Discussion
We set out to test whether P. sexalatus alters the behavior of dung beetles, either in their role as an ecosystem engineer or in ways that affect their relationships with predators (parasite transmission). Our classic tests of anti-predator behavior (e.g., use of conspicuous backgrounds, use of shelter, activity) did not reveal any differences between infected and uninfected beetles. However, this parasite does have a significant effect on behaviors of the beetle that are critical for their role in ecosystem engineering. The altered behaviors most relevant to ecosystem processes are those of consumption and burial of feces. Moreover, some of those effects are likely to expose the beetle to increased predation by hogs.
Phanaeus dung beetles infected with the nematode parasite P. sexalatus consume only 46% of the feces that uninfected beetles consume. This altered feeding rate is ecologically relevant because it changes the availability of fecal resources to other species, which includes insects and a diverse array of parasites. A wide range of helminth eggs and protozoan cysts cannot survive ingestion by a dung beetle and dung beetles often are introduced to agricultural areas because of their ability to reduce the abundance of these organisms. The exact mechanism by which many parasitic propagules are destroyed by dung beetles is not well understood but the beetles' molar surfaces may be used to crush eggs and other small particles that are then consumed by the dung beetle (Holter 2002) . Miller (1961) reported that dung beetles of the genera Phanaeus and Canthon can reduce the passage of round-worm eggs to cattle by nearly 100%. Laboratory studies show that fecal consumption by a dung beetle dramatically reduces the survival of harmful and costly parasites, including Ascaris lumbricoides, Necator americanus, Trichuris trichiura, Entamoeba coli, Endolimax nana, Giardia lamblia (Miller 1961) , and Cryptosporidium parvum (Mathison and Ditrich 1999) . Feeding and the act of burying feces below the surface of the soil are beneficial to humans as they prevent both livestock and humans from coming into contact with feces and the harmful agents or propagules that feces contain.
Given our experimental design, the reduction in consumption of feces seen in parasitized beetles has a fortuitous outcome for our study. Although not always feasible, the gold standard for demonstrating parasite-induced behavioral changes involves experimentally infected animals; naturally infected animals may have become infected precisely because they have always behaved differently, including ways that predispose them to exposure to the parasite (Moore 2002) . Unfortunately, we failed in multiple attempts to acquire P. sexalatus eggs and were unable to experimentally infect beetles. That said, it is unlikely that our infected beetles were anorexic prior to their infection with this parasite; exposure to P. sexalatus involves consuming feces, not avoiding it. Reduced consumption of feces is equivalent to reduced exposure.
In addition to altering the amount of feces consumed by dung beetles, P. sexalatus decreases the depth at which dung beetles bury fecal material. The tunnels created by these beetles have important ecological significance as they help maintain both soil fertility and porosity in the upper layers (Bang et al. 2005) . A significant proportion of nutrients travel through the vertebrate intestine without being absorbed; they are then expelled with vertebrate feces (Steinfield et al. 2006 ). Whether or not these nutrients are incorporated back into the soil can dramatically affect plant productivity. Phanaeus beetles that are not infected with P. sexalatus readily bury feces and return nitrogen and other limiting agents to the soil. Nitrogen is a critically limiting resource when it comes to plant growth (Vitousek et al. 1997) and dung beetles prevent the loss of nitrogen by moving feces underground where loss through volatilization of ammonia (NH 3 ) is less likely to occur (Gillard 1967) . Physocephalus sexalatus appears to limit the beetle's role in incorporating nutrients back into the soil as only half of the infected beetles were seen engaging in burying dung. In areas like the study site in Texas where the natural prevalence of this parasite in dung beetles is extremely high (80-90%), the amount of feces that remains unprocessed due to the presence of this parasite could be noticeable.
The difference in the processing of dung-especially tunneling-between infected and uninfected beetles may have consequences for the transmission of parasites. Although the nematode did not alter the behaviors that are investigated in many classic investigations of parasites and anti-predator behavior (see Moore 2002) , this parasite may nonetheless increase encounters between infected beetles and wild hogs, and in so doing, increase its own transmission. Predation tests of wild hogs consuming infected and uninfected beetles are not feasible, but given the foraging habits of hogs and some other ungulates, a beetle that is closer to the surface of the ground may very well incur a larger risk of intentional or accidental ingestion. Hogs root anywhere from several centimeters to 1 m below the soils surface although most forage is found at, or near, the ground level (Mayer and Brisbin 2009) . Insects make up only about 5% of the hogs' diet, with their presence explained by availability and accessibility rather than by active selection (Klaa 1992) . Because P. sexalatus causes its dung beetle host to remain in the upper layers of the soil, it is reasonable to assume that the rate of encounter between hogs and infected beetles is greater than that between hogs and uninfected beetles. The fact this host does not actively seek out its dung beetle prey can explain the lack of behavioral change associated with normal predator-avoidance activity. While many parasites modify anti-predator behavior in their intermediate hosts, anti-predator behavior can continue to be expressed and the risk of predation can nonetheless increase if encounter rates between final and intermediate host increase because of other behavioral changes (Holmes and Bethel 1972) .
We have shown that P. sexalatus can have significant effects on the behavior and ecology of the ecosystem engineer, P. vindex. A brief review of the literature on dung beetles can put these into broader perspective. Uninfected dung beetles are so beneficial that a variety of countries have imported exotic dung beetles because of the services they provide (Anderson and Loomis 1978) . Between 1964 and 1985 Australia's Commonwealth Scientific and Industrial Research Organization (CSIRO) launched The Dung Beetle Project, introducing $50 species of dung beetles from Africa and Europe. Twenty-three species of dung beetles still flourish in Australian pasturelands, greatly improving the quality and fertility of their cattle industry (Bornemissza 1976) . Some of the most common and beneficial dung Dung beetles as ecosystem engineer 181 beetles in the United States (Onthophagus taurus and O. gazelle) were introduced from Asia and Africa in the early 1980s (Fincher et al. 1983) . Because these insects are so important in agricultural management, and are believed to save the American cattle industry $380 million per year (Losey and Vaughn 2006) , understanding the ways that common parasites alter their participation in agriculture becomes increasingly relevant.
There is reason to believe that these parasites are becoming more common: as feral hog populations continue to grow and spread across the United States, their parasites may move with them. The nematode parasite P. sexalatus has been largely ignored because of its minor pathology in hogs. Because P. sexalatus can infect a variety of dungbeetle species and can potentially reduce the beneficial services they provide by 50% or more, this parasite should be considered an ecosystem engineer and its effect on other dung beetles should be explored.
